Reference x-ray powder patterns and the crystal structures of the lanthanide compounds, BaR2ZnO5, in which R = La, Nd, Sm, Eu, Gd, Dy, Ho, Y, Er, or Tm, were determined by the x-ray Rietveld refinement technique. A structural trend was confirmed for this series of compounds. The compounds with smaller ionic radii (R = Sm, Eu, Gd, Dy, Ho, Y, Er, or Tm) are isostructural to the orthorhombic "green phase" (BaY2CuO5). The lattice parameters for compounds with R = Tm to Sm range from a = 7.01855(9) Å to 7.20452(14) Å, b = 12.25445 (17) Å to 12.5882(2) Å, and c = 5.6786(14) Å to 5.81218(11) Å, respectively. R is sevenfold coordinated inside a monocapped trigonal prism. These prisms share edges to form wave-like chains parallel to the long b -axis. The BaR2ZnO5 compounds which contain larger size R (La and Nd ) crystallize in the tetragonal space group I4/mcm .
Introduction
Extensive structural and property investigations involving substitution of Cu in the Ba 2 RCu 3 O 6+x system by various transition metals including Ti, Cr, Mn, Fe, Co, Ni, Au, and Zn have been carried out in order to understand the correlations between superconducting properties and crystal chemistry [1] [2] [3] [4] . When the Cu 2+ (nine 3d electrons) of Ba 2 YCu 3 O 6+x is completely substituted by Zn 2+ (ten 3d electrons), the sample does not become superconducting, presumably the result of filling of electronic bands. A strong correlation between superconductivity and electronic and magnetic properties of the substituting elements was reported by Xiao et al. [1] . Therefore, studies of the structure and properties of the Zn-analogs should enhance understanding of the factors contributing to superconductivity.
Successful replacement of Cu by Zn in the lanthanide Ba-R-Cu-O system has been described [5] [6] [7] [8] [9] . According to Michel et al. [5] [6] [7] [8] , selected barium lanthanum zinc oxides apparently isostructural to the "green phases", BaR 2 CuO 5 [2] , can be prepared. The structures of the La, Nd, and Y-compounds have been studied using x-ray powder diffraction [5, 6] and neutron powder diffraction methods [9] . It was found that, while the structures of the La and Nd analogs are tetragonal, the Y-compound is orthorhombic. Neutron diffraction studies of selected lanthanide analogs (Dy, Ho, Y, and Er) have also been reported [9] . High neutron absorption cross sections meant that compounds containing the lanthanide ions with larger ionic radius such as Sm, Eu, and Gd were not studied. Michel and Raveau [8] further reported that, while in the Cu-containing system BaR 2 CuO 5 the orthorhombic structure can be prepared for R = Er, Tm, Yb and Lu, attempts to replace Cu with Zn did not succeed for these compounds. Recently we reported that the Er-analog of BaR 2 ZnO 5 has been prepared [9] .
As the x-ray powder diffraction technique is of primary importance for phase characterization, extensive coverage by accurate reference diffraction patterns of superconductor and related phases in the Powder Diffraction File (PDF) [10] is essential for the high-T c superconductivity community. Presently, no reference diffraction pattern other than R = La is available in the PDF for phase identification for BaR 2 ZnO 5 .
The main goals of this investigation were: to supplement the reference diffraction patterns and crystal structures of the BaR 2 ZnO 5 series by using x-ray Rietveld refinement techniques [11] ; to determine the structural details of the analogs with R = Sm, Eu, and Gd; and to investigate the possibility of preparing the analogs of the lanthanide ions with smaller ionic radius (R = Tm, Yb, and Lu).
Experimental Details

Sample Preparation
Eleven polycrystalline samples of the BaR 2 ZnO 5 series (R = La, Nd, Sm, Eu, Gd, Dy, Ho, Y, Er, Tm, Yb, and Lu) were prepared by a solid-state sintering method. Well-mixed stoichiometric powders of BaCO 3 , R 2 O 3 , and ZnO were compacted by pressing the powder in a pelletizing die at about 0.3 GPa. The compacted powders were heated in air according to the schedule shown in Table 1 . Each time the samples were taken out of the furnace, they were reground and repelletized. About 4 g to 5 g of each of the samples was prepared except for the Er, Tm, Yb, and Lu samples, for which only about a 1 g sample was attempted in order to investigate the feasibility of sample preparation. The colors of these materials are also reported in Table 1 . When Cu is replaced by Zn, the color of the phases changes from dark green or brown to the much lighter colors of cream, blue, beige, or peach.
X-Ray Powder Studies
X-ray powder diffraction was used to identify the phases synthesized and to confirm phase purity. The PDF reference x-ray diffraction pattern of BaY 2 ZnO 5 was used for performing phase identification. While the La, Nd, and Y preparations were phase-pure, small concentrations of binary oxides were observed in the Eu, Dy, Ho, and Er products. A minor concentration of an unidentified phase was detected in the Sm, Eu, and Gd products. The Tm preparation contained significant concentrations of Ba 5 Zn 4 Tm 8 O 21 [13, 14] and Tm 2 O 3 (see Fig. 1a ). The Yb and Lu preparations yielded only Ba 5 Zn 4 R 8 O 21 and R 2 O 3 . For the Rietveld refinements, the powders were mounted in zero-background quartz holders with double-sided adhesive tape. A Scintag PAD V diffractometer 1 equipped with an Ortec intrinsic Ge detector was used to measure the powder patterns (Cu K ␣ radiation, 40 kV, 30 mA) for values of 2 from 3Њ-140Њ in 0.02Њ steps, counting after each step for 10 s or 12 s.
All data processing was carried out using the GSAS software suite [12] . To minimize the effects of surface roughness and incomplete interception of the beam, only the 18Њ to 140Њ portions of the patterns were used in the refinements. The initial structure models were taken from Ref. [9] . For the La and Nd compounds, the tetragonal space group I4/mcm was used, while for compounds of the smaller lanthanides, the orthorhombic space group Pbnm (an alternate setting of Pnma ) was used.
All atomic positions were refined isotropically. The displacement coefficients of the two independent lanthanide ions in Pbnm were constrained to have a common value. In all refinements, a single isotropic displacement coefficient was refined for the oxygen atoms. A scale factor and the lattice parameters were refined for the major phase. In some samples, impurity phases were detected, and were subsequently included in the refinements using fixed structural models. The peak profiles were described using a pseudo-Voigt function. Only the Cauchy X , asymmetry, and sample displacement parameters were refined. Backgrounds were described using a 3-term cosine Fourier series.
Results and Discussion
As the ionic size of R in BaR 2 ZnO 5 decreases, it becomes progressively more difficult to prepare the BaR 2 ZnO 5 phase. This phase cannot be prepared for R = Yb and Lu under the specified conditions. We believe that under more appropriate heat treatment conditions (i.e., different oxygen partial pressure), a single phase can be formed in the Ba-Tm-Zn system. This possibility is under investigation. Since the refined structural parameters for BaTm 2 ZnO 5 are not as accurate or precise as those derived from the pattern of a pure phase, these parameters will not be discussed. The x-ray diffraction pattern of the nominal single phase BaSm 2 ZnO 5 is illustrated in Fig. 1b ; selected Miller indices are indicated. Figures 2a and 2b show the x-ray diffraction patterns of BaLa 2 ZnO 5 and BaNd 2 ZnO 5 . The patterns of these analogs are similar. The small displacement of the corresponding peaks in the La and Nd patterns indicates the effect of ionic size on the isostructural compounds.
The refinement residuals using the GSAS suite [12] are reported in Table 2 . The observed, calculated, and difference pattern of BaSm 2 ZnO 5 is illustrated in Fig. 3 . The upper graph shows the fit between the experimental and calculated patterns while the lower one shows the difference between these two patterns. The refined structural parameters for the tetragonal compounds are reported in Table 3 , and those of the orthorhombic phases are reported in Table 4 . Global parameters are given in Table 5 . Selected structural quantities such as bond lengths and bond angles are reported in Tables 6  and 7 . Also reported in the above tables are results of the neutron refinements of the lattice parameters [9] and Fig. 2 . X-ray diffraction patterns of (a) BaLa2ZnO5 and (b) BaNd2ZnO5. Table 2 . Rietveld refinement residuals for BaR2ZnO5 using the GSAS software system. The ionic radius of R (R +3 ) used are 8-fold coordinated for R = La or Nd and 7-fold coordinated for the rest of the smaller ions [16] . The values for the Ho and Tm analogs were estimated by using the interpolated values between those of the 6-and 8-fold coordination bond lengths and angles for the R = La, Nd, Dy, Ho, Y, and Er compounds for comparison wherever appropriate. Although the refined overall structure, structural parameters, and bond distances derived from the x-ray and neutron refinements [9] for the tetragonal structures agree quite well, there are differences in the bond distances for some of the orthorhombic structures. These small differences are most likely associated with the relatively large uncertainties in the determination of the oxygen positions by using x-ray techniques.
The trend of unit cell volume with the ionic radius, R 3+ of BaR 2 ZnO 5 (where R 3+ = La, Nd, Sm, Eu, Gd, Dy, Ho, Y, Er, and Tm) is illustrated in Fig. 4 . These ionic radii are chosen based on the structural environment surrounding these ions, namely, 8-fold coordination for R = La and Nd, and 7-fold coordination for the rest of the smaller ions [15, 16] . Since the 7-fold coordination radii for the Ho and Tm analogs were not reported, they were estimated by interpolating between those for 6-and 8-fold coordination. A monotonic decrease of the (3) 0.0118 (3) volumes vs the ionic radius from Sm to Tm is observed, agreeing well with the trend expected from lanthanide contraction. Since the La and Nd analogs adopt a different structure, the cell parameters of these two compounds do not fall on the same line as the smaller analogs.
Crystal Structures of BaR 2 ZnO 5
It has been reported that, since the effective ionic radii of Zn 2+ (0.68 Å for coordination number (C.N.) of 5, and 0.60 Å for C.N. = 4) and Cu 2+ (0.65 Å for C.N. = 5, and 0.57 Å for C.N. = 4) are comparable [15, 16] , it is possible for the Zn series and the Cu series (BaR 2 CuO 5 ) to be isostructural. Results of both neutron and x-ray Rietveld refinements showed that the BaR 2 ZnO 5 compounds with smaller R are indeed isostructural to the "green phase" compounds [6, 8, 9, 17] . When R = La and Nd, the structures of BaR 2 ZnO 5 are different from the "brown phase" BaR 2 CuO 5 analogs. The refined atomic coordinates for the La and Nd compounds agree well with those reported by Michel et al. using x-ray diffraction [6, 8] and Wong-Ng et al. [9] .
Structure of Tetragonal BaR 2 ZnO 5 , R = La or Nd
Detailed descriptions of the structures of BaLa 2 ZnO 5 and BaNd 2 ZnO 5 have been reported by Michel et al. [6, 7] , Taibi et al. [18] , and Wong-Ng et al. [9] (Fig. 5) . Despite similar effective ionic sizes of Zn 2+ and Cu 2+ , the structures of BaR 2 ZnO 5 and the brown phase Table 4 . Refined structural parameters of the orthorhombic BaR2ZnO5 compounds (space group Pbnm ). Values in italics are from neutron/synchrotron (Er-analog) refinements. The numbers inside the parenthesis are standard uncertainties. Z is the number of formulas per unit cell. Uiso is the isotropic temperature factor (11) 1.9501 (12) BaR 2 CuO 5 compounds are different [5, 19] . The brown phase crystallizes in the space group P4/mbm , and the structure contains square planar CuO 4 groups. The Zn analogs consist of a three-dimensional array of interconnected BaO 10 and RO 8 polyhedra as well as tetrahedral ZnO 4 groups (see Fig. 5 ). The RO 8 polyhedron is a trigonal prism capped on two of the three rectangular faces, and the capped BaO 10 polyhedron is a square prism capped on both ends by tetragonal pyramids. The structure can be viewed as consisting of alternate layers of Zn-Ba-O and R-O extending infinitely in the ab plane and perpendicular to the c axis.
The atomic valence values V b for Ba, R/R1, R2, and Zn were calculated [20] and are listed in Table 8 . The V b of an atom i is defined as the sum of the bond valences v ij of all the bonds from atom i to atoms j (V bi = ⌺ v ij ). The most commonly adopted empirical expression for the bond valence v ij as a function of the interatomic distance
The parameter B is commonly taken to be a "universal" constant equal to 0.37 Å [20, 21] . The values of the reference distance r 0 are tabulated for various pairs of atoms [20] . The V b values (1.686 and 1.784) of Ba in the La and Nd analogs indicate an underbonded situation in both compounds. These values, which agree with those derived from neutron data, are significantly less than the expected value of 2 and indicate the size of the BaO 10 cages are relatively large. The V b values for Zn (2.108 and 2.102 in the La-and Nd-analogs) are very close to the expected value of 2.
Structure of Orthorhombic BaR 2 ZnO 5 , R = Sm, Eu, Gd, Dy, Ho, Y, or Er
The structures of the orthorhombic BaR 2 ZnO 5 compounds are similar to those of the "green phase" BaR 2 CuO 5 analogs. The detailed structure of the green phase type structure has been reported [6, 7, 9, 22, 23, 24] . The basic structure of these compounds consists of RO 7 , BaO 11 , and ZnO 5 polyhedra. R is 7-fold coordinated inside a monocapped trigonal prism, and two such units join to form the basic structure motif of R 2 O 11 . The Ba Table 8 ). The Zn-O distances in the seven compounds range from 1.950(11) Å to 2.164(13) Å. The V b values for R and Zn do not deviate significantly from the expected values of 3 and 2, respectively, except for the Eu-analog. In this compound, the Eu2-O polyhedron appears to be relatively small (overbonded, with V b = 3.353), whereas the size of the Zn-O square pyramid is relatively large (V b = 1.687). This result may be due to the relatively large uncertainty associated with the position of O3 derived from the x-ray data.
In Fig. 6 , the projection of the Sm 2 O 11 blocks at z = 1/4 is shown as solid lines and the second layer at z = 3/4 is represented as dotted lines. These prisms share edges to form wave-like chains parallel to the long b -axis. Chains are crosslinked by Cu and Ba atoms. The c direction is the shortest axis, and is also the direction in which layers of prisms are stacked parallel to each other, sharing the trigonal faces. 
Reference X-Ray Diffraction Patterns
Reference x-ray powder patterns of the nine compounds BaR 2 ZnO 5 , in which R = La, Nd, Sm, Eu, Gd, Dy, Ho, Y, or Er, were obtained using a pattern decomposition technique. Because the refined structural parameters for the R = Tm analog are not as accurate or precise as those derived from the pattern of a pure or nearly pure phase, the x-ray diffraction pattern of this phase is not reported here. These patterns represent ideal specimen patterns. They are corrected for systematic errors both in d and I . The reported peak positions are calculated from the refined lattice parameters, as this represents the best measure of the true positions. For peaks resolved at the instrument resolution function, the individual peak positions are reported. For overlapping peaks, the intensity weighted average peak position is reported with multiple indices. For marginally resolved peaks, individual peaks are reported, to more accurately simulate the visual appearance of the pattern.
Tables 9 to 17 list these patterns with d spacings, Miller indices h , k , l and integrated intensities I , normalized to the value 999 as the maximum. The symbols M and + refer to peaks containing contributions from two and more than two reflections, respectively. These patterns have been submitted to International Centre for Diffraction Data (ICDD) for inclusion in the PDF.
Summary
The reference x-ray diffraction patterns and the crystal structures of both tetragonal and orthorhombic BaR 2 ZnO 5 , R = La, Nd, Sm, Eu, Gd, Dy, Ho, Y, or Er were obtained by Rietveld refinement. The most striking difference between the orthorhombic and tetragonal BaR 2 ZnO 5 structures is the Zn-O coordination environment. In the orthorhombic structure, the Zn atom is coordinated to five oxygen atoms, four of which form the base of a square pyramid, whereas in the tetragonal structure, the Zn atom is tetrahedrally coordinated. 
